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peptide antibody directed against the C-terminal 20 amino acids of mMps1p (see Experimental Procedures). mMps1p localizes to centrosomes throughout the cell cycle in NIH 3T3 cells, as judged by colocalization with ␥-tubulin by indirect immunofluorescence (Figure 2A ). mMps1p is also found at centrosomes in primary mouse embryonic fibroblasts (data not shown). The centrosomal staining of the mMps1p antibody was completely blocked by pre-incubation of the antiserum with the peptide against which it was raised (data not shown). We also observed cytoplasmic and nuclear signals with the mMps1p antibody, however neither was significantly blocked by the peptide pre-incubation, suggesting that both are largely nonspecific background.
We also found that the mMps1p antibody stained kinetochores in mitotic cells, as judged by colocalization with a kinetochore-positive human CREST serum (Figure 2A) . The kinetochore staining of the mMps1p antibody was also completely blocked by the peptide preincubation (data not shown). The distribution of mMps1p on kinetochores during mitosis is similar to that of characterized vertebrate spindle assembly checkpoint proteins such as Bub1 and Mad2 (reviewed in Amon, 1999; Clarke and Gimenez-Abian, 2000). The function of the Mps1p family of kinases in the spindle assembly checkpoint has been well established by studies of budding mMps1p (or GFP alone) to explore the functional relevance of mMps1p centrosomal localization (see Experimental organelle in yeast) and the mitotic spindle assembly Procedures). Multiple independent clones behaved simcheckpoint. Mps1p-like proteins, identified in several ilarly for each construct. For consistency, we present eukaryotes, share a similar structural organization condata generated from a single clone expressing either sisting of a conserved, C-terminally located kinase do-GFP-mMps1p, or GFP alone. No GFP signal was demain ( Figure 1) . However, functional conservation tected when these cells were grown in the presence of among the Mps1p family has not been explored. In order tetracycline, whereas GFP-mMps1p or GFP are exto extend the functional analysis of this kinase family, pressed at levels detectable by fluorescence microswe have analyzed the esk protein in cultured mouse copy within 6 hr after removal of tetracycline (data not cells. The mouse esk protein kinase (Douville et al., 1992) shown). While no specific localization was observed for is the only identified mouse ortholog of Mps1p. Douville GFP alone (see Figures 3 and 4) , GFP-mMps1p was et al. (1992) identified two splice variants of esk, esk1, found at centrosomes throughout the cell cycle, and and esk2, differing only by the presence of a short preat kinetochores in mitosis ( Figure 2B ), similar to the dicted transmembrane domain in esk1. Reverse tranlocalization of the endogenous, untagged protein as descriptase PCR experiments indicated that esk2, but not scribed above. In addition, overexpression of GFPesk1, is expressed in the mouse cell types used in this mMps1p generates a significant cytoplasmic GFP signal study (data not shown). We have therefore limited our ( Figure 2B) . A similar distribution of GFP-mMps1p was analysis to esk2, lacking the transmembrane domain, observed when it was transiently expressed from the which we refer to hereafter as mMps1p. SV40 promoter (see Figure 4) 3B ), or when GFP-mMps1p expression was repressed by tetracycline ( Figure 3B ). Overexpression of untagged mMps1p also causes centrosome accumulation in S phase arrested cells (data not shown), demonstrating that it is mMps1p overexpression, rather than the presence of the GFP tag, that causes centrosomes to accumulate. While GFP-mMps1p clearly caused an accumulation of centrosomes, it is difficult to determine whether GFPmMps1p affected the centrosome duplication process per se, or perhaps promoted cell cycle progression without cell division, allowing cells to enter a second S phase with two centrosomes, which then duplicated normally. However, cells incorporated BrdU within 2 hr if thymidine To rule out the possibility that GFP-mMps1p causes fragmentation of centrosomes, rather than driving the (E) GEB4 cells prepared as described in (A) were subjected to correlative light and electron microscopy as described in the Experimental Procedures. Shown is a composite of electron micrographs showing six centrioles from one such cell. Serial sections are used to show centrioles 1 and 2, which were separated by a single section, and centrioles 5 and 6, of which only small portions of each were present in the same section. Centrioles 3 and 4 were fortuitously present in the same section.
centrosome duplication process, we performed two adtron microscopy on S phase arrested cells induced to overexpress GFP-mMps1p for 48 hr (see Experimental ditional analyses. First, we used an antibody against centrin, a centriole component (Sanders and Salisbury, Procedures). Each of three cells examined contained more than four centrioles. Images from one such cell, 1994), to determine the centriole content in cells with four apparent centrosomes, the vast majority of which in which we found three centrosomes, each containing two centrioles, are shown in Figure 3E . This figure shows possessed eight centrioles (90.6 Ϯ 4.6%; an example is shown in Figure 3D ). All such cells had six or more two centrosomes in serial sections and a third centrosome for which both centrioles were fortuitously in one centrioles (n ϭ 101 from three independent experiments). Second, we performed correlative light and elecsection. Together, this data suggests that GFP-mMps1p gests that mMps1p kinase activity is required for centro-some duplication in NIH 3T3 cells. We also found that GFP-mMps1pKD can block centrosome duplication in both CHO and U2OS cells (data not shown), suggesting that Mps1p activity is a general requirement for centrosome duplication in a variety of cell types.
Cdk2 Kinase Activity Is Required for mMps1p-Dependent Centrosome Duplication
Cdk2 kinase activity is known to be required for centrosome duplication ( accumulated at centrosomes ( Figure 6C ). Therefore, centrosome targeting appears to be intrinsic to mMps1p, 
